Remote populations are predicted to be vulnerable owing to their isolation from potential source reefs, and usually low population size and associated increased extinction risk. We investigated genetic diversity, population subdivision and connectivity in the brooding reef coral Seriatopora hystrix at the limits of its Eastern Australian (EA) distribution and three sites in the southern Great Barrier Reef (GBR). Over the approximately 1270 km survey range, high levels of population subdivision were detected (global F ST ¼ 0.224), with the greatest range in pairwise F ST values observed among the three southernmost locations: Lord Howe Island, Elizabeth Reef and Middleton Reef. Flinders Reef, located between the GBR and the more southerly offshore reefs, was highly isolated and showed the signature of a recent bottleneck. High pairwise F ST values and the presence of multiple genetic clusters indicate that EA subtropical coral populations have been historically isolated from each other and the GBR. One putative first-generation migrant was detected from the GBR into the EA subtropics. Occasional long-distance dispersal is supported by changes in species composition at these high-latitude reefs and the occurrence of new species records over the past three decades. While subtropical populations exhibited significantly lower allelic richness than their GBR counterparts, genetic diversity was still moderately high. Furthermore, subtropical populations were not inbred and had a considerable number of private alleles. The results suggest that these high-latitude S. hystrix populations are supplemented by infrequent longdistance migrants from the GBR and may have adequate population sizes to maintain viability and resist severe losses of genetic diversity.
INTRODUCTION
Coral reefs are among the most vulnerable habitats worldwide and are increasingly threatened both by chronic and acute anthropogenic disturbances (e.g. Bellwood et al. 2004; Hoegh-Guldberg et al. 2007) . Dramatic deterioration of reef health has occurred over the past few decades and is predicted to continue due to rapidly increasing sea surface temperatures (SSTs) and ocean acidification, resulting in increased bleaching frequency and severity, and reduced calcification and reef accretion (e.g. Hoegh-Guldberg et al. 2007; Silverman et al. 2009 ). High-latitude reefs are of particular concern as they are already considered to be a marginal reefal environment (Veron 1995; Kleypas et al. 1999a; Guinotte et al. 2003) . Geographical isolation (Kleypas et al. 1999a; Hughes et al. 2003) , as well as their location in areas of rapidly declining aragonite saturation (e.g. Kleypas et al. 1999b; Guinotte et al. 2003) may further contribute to their vulnerability. The capacity of corals at subtropical reefs to survive disturbances, such as mass bleaching, disease, crown-of-thorns starfish (COTS) outbreaks or chronic stressors such as rapidly changing SSTs and ocean chemistry, will depend partly on their population genetic structure, as remote populations are predicted to have small effective population sizes, low genetic diversity and to suffer from inbreeding. Low genetic diversity reflects limited adaptive potential (Gates & Edmunds 1999; Frankham 2005) , and inbreeding can significantly reduce fitness and increase the risk of extinction (Crnokrak & Roff 1999; Bijlsma et al. 2000) .
Over an evolutionary timeframe, successful longdistance dispersal, settlement and reproduction may increase genetic diversity where the dispersed species has an existing population or, if the species is not present, constitute a founder event. Coral reefs have evolved under various intensities, modes and frequencies of disturbances, and reef coral populations have experienced severe reduction (Wakeford et al. 2008) to complete eradication throughout their evolutionary history (e.g. Veron 1995) . Recovery of disturbed reefs depends on the density of survivors, their fecundity and the magnitude of recruitment of individuals from external sources (e.g. Harrison & Wallace 1990; Harrison & Booth 2007) . Routine dispersal over ecological time-scales (i.e. ecological gene flow) is necessary for replenishment of severely disturbed reefs (e.g. Jones et al. 2009 ). If a coral species were to be completely extirpated at the isolated subtropical reefs of Lord Howe Island, Elizabeth Reef and Middleton Reef, recovery would require rafting or long-distance larval dispersal across more than 630 km of open ocean. The rapid, warm-water Eastern Australian Current (EAC) provides a vehicle for unidirectional dispersal from the Great Barrier Reef (GBR) to the subtropics, and large gyres extending several hundreds of kilometres offshore (e.g. Ridgway & Dunn 2003) could disperse larvae between subtropical inshore and offshore reefs (Wilson & Harrison 1997) . Despite the potential for dispersal, previous research has demonstrated low but variable realized gene flow between coral populations from the GBR to the subtropics (Ayre & Hughes 2004 ) and within the subtropics (Miller & Ayre 2008 ). Further, no genetic variation was found in the reef coral Seriatopora hystrix population at Lord Howe Island population for five of the six allozyme loci tested, leading to the hypothesis that a founder event of one or very few colonists is responsible for the presence of this species at Lord Howe Island (Ayre & Hughes 2004) . The high subdivision and low genetic diversity at subtropical sites has been interpreted as historical isolation and has led to predictions that localized extinctions will have 'persistent impacts over very long periods' (Ayre & Hughes 2004) , and that 'the likelihood that the GBR will act as a source of recruits to [high-latitude reefs] following catastrophic events is negligible and only likely to occur over long timescales' (Miller & Ayre 2008) .
The focus of this study is the brooding hermaphroditic reef coral S. hystrix (Pocilloporidae). Seriatopora hystrix has primarily sexually produced larvae (Ayre & Resing 1986; Sherman 2008 ) that are matured within the polyps and periodically released (Harrison & Wallace 1990) . Most brooding corals, including S. hystrix, have larvae that are competent to settle within a few hours after release (Isomura & Nishihira 2001; Harii et al. 2002) . This promotes settlement on, or close to, the natal reef (e.g. Tioho et al. 2001) . Recent work on S. hystrix populations using highly variable microsatellite markers showed dispersal mostly occurred over small spatial scales (less than 100 m), although this was supplemented by less frequent longer-distance dispersal (Underwood et al. 2007) . Localized dispersal generally leads to high population differentiation, and earlier research on GBR S. hystrix populations (using allozymes) confirms this (F ST ¼ 0.43, Ayre & Dufty 1994 ; F ST ¼ 0.15, Ayre & Hughes 2000) . Despite the usually rapid settlement of larvae, some brooding corals produce a small proportion of larvae that have extended competency periods of over 100 days in the water column (e.g. Harii et al. 2002) , which can translate to a dispersal potential of hundreds of kilometres (Harrison & Wallace 1990; Harrison & Booth 2007) . Genetic evidence of recent longer distance dispersal events in S. hystrix (on the order of tens to hundreds of kilometres) exists from the Red Sea, Western Australia and Eastern Australia (EA) (Maier et al. 2005; Underwood et al. 2007; Van Oppen et al. 2008) .
Currently, all subtropical EA reefs are Marine Parks or Nature Reserves, but, apart from Elizabeth and Middleton Reefs, are managed individually by three different states or Commonwealth departments. Whether these reefs should be managed as individual units or a network is largely dependent on the spatial scale of dispersal of focus species ( Jones et al. 2009) . As the integral habitat-forming component of reefs, scleractinian corals are a key target taxon for genetic studies of dispersal (Jones et al. 2009 ). This is, to our knowledge, the first population genetics study to include a coral species from the Middleton and Elizabeth Reefs: these subtropical atolls have the highest number of coral species (approx. 155) and the largest reef area (approx. 8000 total hectares) south of the GBR (Hutchings et al. 1992; Veron 1993; Oxley et al. 2004; A. Noreen 2007, unpublished data) . This study aims to increase our understanding of the risk of the loss of genetic diversity, inbreeding and extinction of S. hystrix at the southern limits of its distribution range, as well as to estimate the temporal scale of the frequency and magnitude of long-distance dispersal from the GBR.
MATERIAL AND METHODS
Ten DNA microsatellite loci were used to assess genetic diversity and connectivity in S. hystrix from four major EA subtropical reefs and three reefs in the southern GBR (figure 1). The reefs sampled in this study were subtropical Lord Howe Island, Elizabeth Reef, Middleton Reef, Flinders Reef and Broomfield, Snake and Turner Reefs from the GBR. Lord Howe Island is the southernmost true coral reef in the world . The other true coral reefs of the EA subtropics, Elizabeth and Middleton Reefs, are located 180 and 235 km north of Lord Howe Island, respectively (figure 1).
Two habitats were sampled at each of these reefs: Lord Howe Island-lagoon and east coast; Elizabeth Reef-lagoon and channel; Middleton Reef-Blue Hole (¼lagoon) and channel. These reefs have a unique mix of temperate, subtropical and tropical biota and represent the highest latitude species records for many tropical taxa (Hutchings et al. 1992; Veron 1993; Harriott et al. 1995; Oxley et al. 2004; P. Harrison & A. Noreen 2007, unpublished data) . A large proportion of coral species sampled at these locations were sexually reproductive (Hutchings et al. 1992; Harrison 2008) . These reefs lie in the path of the warm, south and east flowing EAC, which not only acts as a conduit for larval transport from further north, but provides the climate needed for these warm-water reefs to exist (Veron & Done 1979; Hutchings et al. 1992; Harriott et al. 1995; Harrison & Booth 2007) .
Flinders Reef, near the south Queensland coast, supports a diverse coral community of at least 119 coral species growing on and around a small sandstone platform (Veron 1993; Harrison et al. 1998) . A single site was sampled at Flinders Reef. Of all subtropical sites where S. hystrix are recorded, only one was not sampled. This was the Gneering Shoals, a low-diversity coral community growing on rocky substrate approximately 50 km north of Flinders Reef, which is known to have only sporadic occurrences of S. hystrix ). An outer reef site was sampled at each of three reefs on the GBR (figure 1).
Branches of S. hystrix approximately 4 cm in length were collected by hand from individual colonies using SCUBA or snorkel and placed immediately in 95 per cent ethanol (see table 1 for sample sizes). DNA was extracted following Wilson et al. (2002) . Ten loci were amplified using fluorescently labelled primers in three multiplex PCRs as described in Underwood et al. (2006) . Samples with rare (frequency , 0.05) private alleles were PCR amplified and genotyped at least twice to confirm the allele's authenticity. In this study, rare alleles shared between two subtropical sites are defined as 'semi-private' alleles.
(a) Data analysis GIMLET v. 1.3.3 (Valiere 2002 ) was used to assess the presence of clone mates; in the case that the same multilocus genotype was found more than once, all but one of the individuals were removed from the dataset prior to analysis. Tests for HardyWeinberg equilibrium and linkage disequilibrium (LD) were conducted in the web-based package GENEPOP v. 4.0 (Raymond & Rousset 1995) under the following Markov chain parameters: 1000 dememorization, 100 batches, 10 000 iterations per batch. FSTAT v. 2.9.3 (Goudet 2001 ) was used to generate allele frequencies, allelic richness (calculated per locus) and F ST values (Weir & Cockerham 1984, Infinite Allele Model) . Statistical significance of pairwise F ST values was based on 45 000 permutations and p-values were corrected for multiple comparisons using strict Bonferroni. BOTTLENECK v. 1.2.02 (Cornuet & Luikart 1996) was used to determine whether any recent population bottlenecks were likely to have occurred. This program uses coalescent theory to provide different models for heterozygosity compared with allele richness. Allele numbers decrease faster than heterozygosity during bottlenecks, and a rapid decrease in allele numbers while maintaining heterozygosity creates a distinct signature. However, this pattern deteriorates after two to four generations, (2004) ; 10 000 simulated individuals with a threshold p 0.01. This generated a probability of each individual being a putative migrant. These putative migrants were then removed from the original populations and reassigned to the sampled populations using the above parameters. This produced a probability for each putative migrant of originating from each of the other sampled populations.
RESULTS
The Lord Howe Island lagoon site had the highest number of potential clone mates of any site (table 1) , where three samples of one multilocus genotype and two samples of another multilocus genotype were present among the 42 colonies collected. However, the majority of samples at all sites were derived via sexual reproduction. All but one subtropical population sampled showed a significant heterozygote deficit for zero to two loci only (figure 2), indicating that null alleles, further population substructuring (Wahlund 1928) , or inbreeding (Wright 1922 ) are unlikely to apply to these populations. The Elizabeth Reef lagoon site showed significant heterozygote deficits in a larger number of loci (figure 2 The most likely number of genetic clusters (K ) as determined in STRUCTURE was seven. At all of the subtropical sites, except for the Elizabeth Reef lagoon, most individuals sampled at that site belonged to a single genetic cluster (figure 4). The Elizabeth Reef lagoon site showed a signature of admixture between two clusters: the Elizabeth Reef channel and the Middleton Reef lagoon. There were two main genetic clusters on the GBR, which were distributed among the three sampling locations, although a small number of GBR individuals also showed a genetic affinity with the Middleton and Elizabeth Reef lagoonal cluster.
The genetic assignment test detected 18 potential firstgeneration migrants. Eleven of those were detected in subtropical populations, and all but two of those were assigned to another subtropical population with high probability (more than 80%) (table S4 in the electronic supplementary material). One was assigned with similar probability to either another subtropical site or a GBR reef (table S4 in the electronic supplementary material). Flinders Reef did not have an immigrant or emigrant identified and is the only site sampled that showed evidence of the S. hystrix population having gone through 
DISCUSSION
The long-term viability of populations depends at least partially on the genetic characteristics of the existing populations. Low recruitment into a population from outside sources may suffice to maintain genetic diversity (Tallmon et al. 2004) , but is likely to be insufficient for replenishment and recovery if local populations are severely devastated (Jones et al. 2009 ). Stochasticity of recruitment as well as differences in life history, larval competency periods, settlement and survival requirements (Harrison & Wallace 1990; Harrison & Booth 2007) mean that different species will have different levels of connectivity to, and genetic diversity at, isolated locations (e.g. Miller & Ayre 2008; Underwood et al. 2009 ). Species with high population subdivision and limited dispersal are hypothesized to be more vulnerable to disturbances than populations with higher connectivity (e.g. Jones et al. 2009 ), despite some of these (such as S. hystrix) having a broad geographical range and large global population size. This study supports previous evidence that populations at high-latitude, isolated reefs have had historically low connectivity from each other and the GBR. Nevertheless, the data presented here show that occasional long-distance dispersal may aid in maintaining the genetic diversity of subtropical S. hystrix populations, and at least some subtropical reefs may support sufficiently large effective population sizes to enable them to resist severe losses of genetic diversity.
(a) Genetic diversity at subtropical reefs Allelic richness was significantly lower at subtropical reefs than on the GBR (t-test, p ¼ 0.0009), but not significantly different between subtropical sites (ANOVA, p ¼ 0.42). There was no gradual decrease in allelic richness with latitude, which contrasts with onshore subtropical populations of the related coral Pocillopora damicornis (Miller & Ayre 2008) . Allelic richness of S. hystrix at several GBR Reefs (using the same 10 loci) was similar to that recorded in this study (Van Oppen et al. 2008) , demonstrating that the subtropical genetic diversity was not substantially eroded compared to some GBR populations.
The lagoonal samples of Lord Howe Island represented the sole subtropical site in this study to retain polymorphism at all loci (table 1). Lord Howe Island S. hystrix had an average allelic richness per locus of 2.50, and a maximum allelic richness of 4.47 (at locus Sh2_006). This contrasts with previous research showing that S. hystrix was fixed for five of the six allozyme loci that were polymorphic on the GBR (Ayre & Hughes 2004) . Our data therefore do not support the hypothesis that the S. hystrix population at Lord Howe Island is derived from one or very few colonists (cf. Ayre & Hughes 2004) .
In this study, the GBR and most subtropical sites or reefs were found to have private or semi-private alleles (table 2 and table S2 in the electronic supplementary material). The high number of private alleles on the GBR may be an artefact of the small number of GBR reefs included in this study. Collectively, the subtropical sites have nine private alleles at seven loci (table 2) . Private subtropical alleles were almost always rare (less than 0.05). However, an exception was an allele at Lord Howe Island, which was present in both lagoonal and eastern populations at a frequency above 0.10. Elizabeth and Middleton Reefs had seven private alleles, which were generally site-specific, although one semi-private allele was present at both Elizabeth Reef sites, and another was shared between Elizabeth and Middleton Reef. These private alleles may have entered the population through gene flow from unsampled populations, or from mutations having occurred locally. Irrespective of the origin of the private alleles, they demonstrate that these subtropical sites have sufficiently large effective population sizes to maintain low frequency alleles, rather than losing them through genetic drift. The presence of separate private alleles at sites located less than 5 km apart indicate significant historical isolation; however, the presence of semi-private alleles (shared between two subtropical sites) support low levels of gene flow between some populations.
Despite a severe COTS outbreak at Elizabeth and Middleton Reefs in the mid-1980s (J. E. N. Veron 2008 , personal communication, Hutchings et al. 1992 , there was no evidence of reduced genetic diversity compared with other subtropical sites or of S. hystrix populations having undergone a recent bottleneck. Flinders Reef was the only site sampled that showed a mode shift in BOTTLENECK, implying that its high genetic differentiation and two fixed loci may stem from a bottleneck event ca. two to four generations ago. This is supported by field evidence: the last survey of Flinders Reef was undertaken in 1993, and S. hystrix was only recorded at a single site and in low abundance (Harrison et al. 1998) , whereas during the sample collection for this study (November 2007) hundreds of colonies of S. hystrix were sighted in a relatively small area. Thus, it is possible that S. hystrix at Flinders Reef has undergone a bottleneck, followed by a recent population size expansion.
(b) Genetic differentiation of subtropical reefs Genetic signatures of both recent and historical admixture were more prominent on the GBR than in the subtropics. First, F ST values between the GBR populations were significantly lower than those among subtropical populations, indicating higher historical gene flow. These populations also displayed higher heterozygote deficiencies and LD, suggestive of more recent genetic admixture. This is probably a result of their closer proximity, and the large number of other GBR reefs that could act as stepping stones between those sampled. Evidence for recent admixture was limited at subtropical locations, with one exception. The Elizabeth Reef lagoon population exhibited higher LD and heterozygote deficiencies than other subtropical reefs (figure 2), and a mix of mainly two genetic clusters in the STRUCTURE analysis (figure 4). Despite evidence of recent admixture at Elizabeth Reef lagoon site, all sites sampled at Elizabeth and Middleton Reefs were significantly differentiated, including sites at the same reef separated by only a few kilometres (F ST . 0, p , 0.001, table 3). The STRUCTURE analysis indicates a deep division between the Middleton and Elizabeth lagoonal cluster and the other subtropical sites; at K ¼ 2, one cluster comprised all subtropical sites except the Middleton lagoonal samples and a proportion of Elizabeth lagoonal samples, while the other cluster was the GBR, the Middleton lagoon and a proportion of Elizabeth lagoon samples. Recent work on S. hystrix in isolated low-latitude North Western Australian reefs has also found highly significant differentiation between sites within a reef (Underwood et al. 2009 ). This is indicative of predominantly highly localized dispersal, which is supported by spatial autocorrelation analysis in Underwood et al. (2007) . Despite significant genetic subdivision between offshore subtropical sites, nine potential first-generation migrants (less than 3%) were assigned with a high probability (more than 80%) to other offshore subtropical site(s) (table S4 in the electronic supplementary material). Flinders Reef was the most genetically isolated reef in this study: it had two fixed loci (table 1) , formed a distinct genetic cluster in the STRUCTURE analysis (figure 4) and did not have an immigrant or emigrant detected (table S4 in the electronic supplementary material). Hence, it is not a 'sink' population from the GBR nor a 'source' to offshore subtropical reefs further south.
The patterns of genetic subdivision and connectivity in S. hystrix presented here show both differences and similarities to patterns of genetic structure in other taxa. The pocilloporid coral P. damicornis showed high levels of subdivision among seven sites at Lord Howe Island based on allozyme data (Miller & Ayre 2004) , consistent with our observation of S. hystrix in this study. Lord Howe Island populations of other marine organisms are generally also highly isolated (Benzie 1992; Ayre & Hughes 2004; Miller & Ayre 2008) . For example, COTS populations from Lord Howe Island were the most genetically differentiated of all EA populations sampled (Benzie 1992) . However, in contrast to our findings for S. hystrix, two other taxa sampled at Elizabeth and Middleton Reefs exhibited no significant differentiation between sites (COTS, Benzie 1992; black cod, Appleyard & Ward 2007) nor to GBR populations (Benzie 1992) .
(c) Larval dispersal to subtropical reefs Dispersal from tropical to subtropical reefs along EA over an evolutionary timeframe is supported by the occurrence of approximately 155 coral species in 42 genera shared between the GBR and the high-latitute offshore EA reefs (Veron & Done 1979; Hutchings et al. 1992; Veron 1993; Harriott et al. 1995; Oxley et al. 2004 , P. Harrison & A. Noreen 2007 . Although approximately a dozen coral genera have been found rafting (e.g. Jokiel 1990; deVantier 1992), larval (Weir & Cockerham 1984) . Permutations were run 45 000 times with strict Bonferroni corrections. After this, 98% (44) of the comparisons remained significant with 89% (40) (Veron & Done 1979; Hutchings et al. 1992) . New records include distinct species unlikely to have been overlooked during the original surveys, and whose nearest population is located on the GBR (e.g. Australogyra zelli Oxley et al. 2004) . Subtropical reefs are limited by low winter water temperatures (Veron 1995) , whereas increasing SSTs in this region (Lough 2008 ) may benefit subtropical reefs by providing a more conducive reef environment and provide opportunities for species range expansions (Buddemeier et al. 2004; Figueira & Booth in press ). It is not inconceivable that migration from the GBR into the subtropics has increased over the past few decades as a consequence of an increase in temperature (Lough 2008 ) and the intensifying of the EAC (Poloczanska et al. 2007) . The summertime recruitment of tropical GBR fish species at Lord Howe Island (Figueira & Booth in press ) and more southerly locations on the New South Wales coast Figueira & Booth in press ) support our interpretation of dispersal over these large distances. All subtropical reefs sampled in this study are Marine Parks and are managed by three jurisdictions. For S. hystrix, the geographical boundaries of the Marine Parks are larger than the routine dispersal range, suggesting that the present management arrangement is appropriate. This study corroborates previous findings; high levels of population subdivision between highlatitude sites and reefs. Routine gene flow over ecological time-scales is extremely localized for S. hystrix and is likely to be insufficient to allow immediate recovery of subtropical reefs through reseeding from the GBR following extensive localized mortality. However, contrary to some previous studies, we suggest infrequent successful long-distance dispersal supplements coral populations on these high-latitude reefs. The levels of gene flow estimated here are likely to contribute to the maintenance of genetic diversity of these coral populations. We augment these results with the hypothesis that populations of S. hystrix at Lord Howe Island, Middleton Reef and Elizabeth Reef maintain adequately large populations to prevent inbreeding and resist acute loss of genetic diversity. Subtropical coral genetics A. M. E. Noreen et al. 3933
